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INTRODUCTION 
Advanced NDE methods to ensure the structural integrity of titanium matrix 
composites (TMC) may be necessary for successful implementation of these materials [1]. 
In this paper, we compare phase-sensitive and phase-insensitive ultrasonic signal loss 
measurements with observed internal characteristics of a TMC flat laminate obtained from 
destructive analysis. This study was conducted as part of an on-going effort to develop 
and implement quantitative nondestructive evaluation techniques for post-process 
inspection of TMC materials. 
Ultrasonic measurements used to characterize the TMC laminate in this study 
included a conventional, through-transmission, peak-detected signal loss c-scan and a 
single frequency phase-insensitive through-transmission c-scan. One goal of this 
investigation was to determine whether there were advantages in using a phase-insensitive 
measurement technique to evaluate the laminate compared to more conventional phase-
sensitive ultrasonic techniques. Destructive analysis of the laminate was performed 
following ultrasonic characterization to determine the source of ultrasonic indications. 
Internal characteristics of the laminate observed via optical microscopy were correlated with 
the results of the various ultrasonic measurements. 
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TMC LAMINATE 
The specimen evaluated was a flat laminate composed of a titanium matrix material, 
Beta 21S, and eight separate plies of unidirectional SCS-6 silicon carbide fibers stacked in 
a [0, +45, 90]s layup. The laminate was fabricated using a foil-fiber-foil technique in 
which the unidirectiOnal fiber layers were stacked between layers of Beta 21S foil and the 
laminate was consolidated using a hot isostatic press. This particular laminate contained a 
number of surface defects (impressions) and, based on the ultrasonic measurements, was 
suspected of containing internal defects. Potential manufacturing defects for this type of 
material include fiber breaks, fiber misalignment resulting in local "fiber bunching," and 
matrix cracking. 
CONVENTIONAL THROUGH-TRANSMISSION MEASUREMENTS 
Conventional phase-sensitive through-transmission signal loss measurements were 
obtained in an immersion tank using two broadband, Panametrics V311, 10 MHz center-
frequency, 0.5 inch diameter, 2.0 inch focal length transducers. The total transducer 
separation was 4.0 inches, and the TMC specimen was placed in the overlapping focal 
regions of the transmitting and receiving transducers. Data was acquired over the specimen 
in spatial increments of 0.15 cm. The RF signals were captured with a digital oscilloscope, 
full-wave rectified, low-pass filtered (three point binomial filter), and peak detected. The 
peak-detected value was compared with a corresponding reference value from a water path 
only signal and the relative signal loss expressed in dB. A c-scan presentation of the data is 
shown in Figure 1. 
PHASE-INSENSITIVE THROUGH-TRANSMISSION MEASUREMENTS 
Phase-insensitive through-transmission ultrasonic signal loss measurements were 
made for comparison with the more conventional through-transmission signal loss 
measurements described above. This comparison may illustrate how phase cancellation 
across the face of a receiving transducer can affect the inspection of the TMC laminate. 
Phase cancellation across the face of a conventional, piezoelectric receiving transducer may 
result from phase front distortion occurring from propagation in an inhomogeneous 
medium and from refraction due to geometrical effects [4,6,7,10]. These effects can create 
a non-uniform instantaneous pressure field across the receiving transducer face. The net 
instantaneous transducer output is the sum of the resultant local voltages across the 
transducer and can significantly underestimate the energy contained in the incident field 
[4,6,7,9-14]. 
Phase-insensitive ultrasonic measurements were made in an immersion tank with a 
Panametrics V311, 10 MHz center-frequency focused transmitting transducer and a 
cadmium sulfide (CdS), acoustoelectric, receiving transducer. Using the CdS transducer, 
an acoustoelectric response signal that is related to the power in an incident ultrasonic field 
was obtained [2,3,5,9,10]. These acoustoelectric measurements were independent of the 
instantaneous phase of the impinging ultrasonic wave, in contrast to the measurements 
obtained with a conventional piezoelectric transducer (2,3,5,6,8-11]. For the phase-
insensitive measurements, the specimen was placed in the focal region of the transmitting 
transducer. A 10 MHz tone burst was used as the interrogation source. Acoustoelectric 
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signals from the CdS receiving transducer were captured with a digital oscilloscope, low-
pass filtered (three point binomial filter) to remove any higher frequency piezoelectric 
signal, and peak detected. These through-transmitted values were compared to a reference 
value obtained from a water path only signal and the relative signal loss expressed in dB. 
The phase-insensitive signal loss data is presented in the c-scan image shown in Figure 2. 
COMPARISON OF PHASE-SENSmVE AND PHASE-INSENSITIVE RESULTS AND 
DESTRUCTIVE CORRELATION 
The locations of sections cut from the TMC specimen, following ultrasonic 
characterization to determine the internal material conditions, are shown on the phase-
sensitive c-scan in Figure 3. The microscopy sections taken correspond to three ultrasonic 
indications apparent on the phase-sensitive through-transmission c-scan. At each 
indication, two sections were taken: one parallel or through the indication and one 
perpendicular to the indication. Prior to sectioning it was observed that a surface defect 
coincided with each of the three indications of interest. Of interest was that only one of the 
three ultrasonic indications detected using the phase-sensitive through-transmission 
technique was also detected using the phase-insensitive measurement technique. 
Figure 1. Conventional Through-Transmission Signal Loss C-Scan. 
Figure 2. Phase-Insensitive Ultrasonic C-Scan. 
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Upon sectioning the panel and observing differences in the internal material 
conditions for the three indications, it was observed that sections 1 and 2 from indication A 
contained a greater degree of internal damage than the sections cut from the other 
indications. This can be qualitatively observed by examining Figure 4, which shows 
portions of photomicrographs of the sections cut parallel/through the corresponding 
ultrasonic indications. For each ply in each section, several parameters were examined 
using optical microscopy to quantitatively determine potential differences among the three 
indications. 
To determine whether fiber/matrix ratio, or overall fiber content varied among the 
three indications, the number of fibers per overall section length was examined in the 
sections cut parallel/through the indications. This was determined for all plies except for 
those parallel to the cut such that the micrograph shows the side of the fiber. This fiber 
count per section length was averaged over the six plies that were examined for each 
section. The results of this comparison indicated that the linear fiber density did not differ 
appreciably among the three indications. 
Figure 3. Locations of Sections Cut for Optical Microscopy on Phase-Sensitive C-Scan. 
The sections cut perpendicular to each indication (sections 2, 4, and 6) were cut 
large enough such that the microscopy section included material outside the indication on 
either end of the section. Image analysis to obtain a comparison of the fiber-to-matrix ratio 
for material at each of the three indications and surrounding indication-free areas was 
performed. The results of this comparison indicated that fiber-to-matrix ratio was not 
significantly different at the indications compared to surrounding areas. Measurements of 
the cross-sectional thickness of the laminate at the ultrasonic indication and at both ends of 
each section were also performed. The results, shown in figure 5, indicate that for each 
section, the ultrasonic indication coincided with a surface depression resulting in a 
thickness change. 
Other parameters measured included the number of cracked fibers per inch for each 
ply, the number of touching fibers per inch per ply (representative of fiber 
spacing/bunching), and matrix crack length per total section length in each ply (percent of 
length containing cracking). These parameters were obtained for the sections cut 
parallel/through the indications and were not measured for plies oriented parallel to the 
section face in which the fiber sides were observed. The per ply numbers were averaged 
across the six plies in each section. Figures 6a and 6b illustrate the averaged results. From 
this analysis, it is apparent that the microscopic section corresponding to indication A (the 
only indication of the three evident in the phase-insensitive c-scan) contained a significantly 
larger number of cracked and irregularly spaced fibers than the other two indications. 
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Matrix cracking between fibers was observed in several locations, although most 
extensively in indication A. For each ply in which matrix cracking was present, the matrix 
crack length was measured between the fibers, not including the fiber diameter. These 
measurements were made for sections 1,3 and 5, the sections cut parallel/through ultrasonic 
indications A, B, and C, respectively. The total crack length in each ply was divided by the 
total length of the section to obtain a percentage of section length consisting of matrix 
cracking. The matrix cracking results, presented in figure 7, indicate that matrix cracking 
was most extensive in indication A, the indication observed in the phase-insensitive c-scan. 
Matrix Cracking 
'A 
Portion of Section 1 (Indication A) 
Portion of Section 3 (Indication B) Portion of Section 5 (Indication C) 
Figure 4. Optical Micrographs of Three Areas at 50X. 
ULTRASONIC SIGNAL LOSS AT THREE AREAS OF INTEREST 
The ultrasonic signal loss values were averaged within each of the three indications 
for both the phase-sensitive and phase-insensitive through-transmission measurements. 
This was accomplished by obtaining the average signal loss value for six, two pixel by 
two pixel areas covering each indication, and then averaging the six values to obtain a 
single value for each indication. In addition, the signal loss for an apparently defect free, 
six pixel by six pixel area outside the indications was averaged for comparison to the signal 
loss at the three indications. Figure 8a illustrates that the phase-sensitive ultrasonic signal 
loss measurements were extremely close for the three indications, despite the internal 
differences in these indications observed via optical microscopy. Using the phase-
insensitive m~asurement technique, indication A exhibits a significantly greater signal loss 
than indications Band C, as is illustrated in figure 8b. This correlates well with the internal 
material differences measured for the three indications via optical microscopy. 
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SUMMARY 
The results of the study of this TMC laminate suggest that potential flaws observed 
with conventional phase-sensitive through-transmission ultrasonic measurements may be 
dominated by changes in local part thickness/geometry. As a result, internal differences in 
the material may not be apparent when surface impressions or local thickness changes 
coincide with areas of interest. Signal loss values obtained from phase-insensitive 
ultrasonic measurements, however, appear to be better related to internal material 
conditions at areas of interest despite local thickness differences also present in these areas. 
In making this assessment, it must be noted that the phase-sensitive measurements were 
obtained using broadband ultrasonic signals whereas a narrow-band 10 MHz toneburst 
signal was utilized for the phase-insensitive measurements. Because of this, we recognize 
a complete comparison of the two techniques cannot be made based on the data 
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Figure 6. Cracked Fibers and Fiber Bunching for Three Indications Compared to 
Surrounding Areas. 
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presented here. This study does indicate, however, that the phase-insensitive ultrasonic 
measurement technique shows promise as a more quantitative ultrasonic characterization 
method for TMC materials when compared with the conventional phase-sensitive, peak-
detected measurements. 
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Figure 7. Percent of Section Length Containing Matrix Cracking. 
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Figure 8. Average Signal Loss for Various Areas Determined Using Phase-Sensitive and 
Phase-Insensitive Through-Transmission Measurement Techniques. 
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